Highlights 1  Neurocranial rotation dynamics of fish is described by an inverse dynamic model. 2  The inertial cost of accelerating the neurocranium is small in largemouth bass. 3  Kinetic energy of the neurocranium is probably converted into suction work. 4  Suction performance is not limited by cranial mass in generalized percomorph fish. 5
moment of inertia for rotation about the z-axis through the origin of this coordinate frame 1 (i.e., pitching about the base corner of the quarter ellipsoid) can be derived (e.g. Landau , where d is defined as the distance from the center of mass to the specified point, cr refers to 8 center of rotation and origin is the initial position of the corner of the quarter ellipsoid (z-axis, 9 image does not allow a reliable determination of cr for smaller time steps. In our case, point 16 cr is determined from two video images: one just before, and one just after completion of2B). Since the latter procedure is only valid if translation is zero, in case of significant 1 forward locomotion it is necessary to align the trunk of the fish (e.g. pelvic and dorsal fins) 2 on the two analyzed images. 3 According to Newton's second law for rotation, the instantaneous moment required to 4 overcome the effects of inertia M nc(t) is given by 5 , where  (t) is the instantaneous angular acceleration of neurocranial rotation, and M am(t) the 7 added mass moment (i.e. the moment needed to accelerate the volume of water immediately 8 surrounding the neurocranium). Moments resisting the dorsal rotation (= a positive angular 9 velocity according to right-hand rule with the coordinate system of Fig. 2A ) are defined as 10 negative. 11
The moment required to overcome drag force on the quarter-ellipsoid neurocranium, () t drag M , 12
will also be calculated. This drag force results from the flow that moves over the dorsally 13 rotating neurocranium. A certain fraction of this moment is contributing to repositioning of 14 water at the mouth entrance, for example at the snout tip, which can be regarded as part of the 15 generated flow used to capture the prey. However, the other fraction will move water in a 16 direction (e.g. deflecting laterally) that is not useful for prey capture, and could be regarded 17 as a cost in addition to the inertial costs of eq. 7. Because of this ambiguity to classify drag 18 force either as a hydrodynamic cost or benefit to suction feeding, we will discuss
as a 19 separate factor. Note, in this respect, that this moment is probably very small (VanSince power equals the scalar product of the moment and angular velocity vectors, the power 1 required to overcome neurocranial rotation inertia Pnc(t) and external hydrodynamic resistance 2 is 3
, where  (t) is the instantaneous angular velocity of neurocranial rotation. Negative values of 5 power from this equation denote a cost of power that needs to be delivered by the muscles. 6
CFD estimates of quarter ellipsoid drag and added mass moment coefficients 7
The moment required to overcome drag forces and acceleration reaction forces (i.e. added 8 mass) exerted on an elevated quarter of a full ellipsoid that rotates about a principal axis are 9 calculated using computational fluid dynamics (CFD) software. To do so, ellipsoids 10 consisting of four quarters of non-uniform rational B-splines (NURBS) surfaces are 11 constructed using VRMesh 5.0 Studio (VirtualGrid, Bellevue City, USA). The length radius 12 of the ellipsoids is always 50 mm, and 49 combinations of the width and height (as defined in 13 acceleration with respect to the fixed reference frame. The outer boundary of the sphere is 7 defined as a pressure outlet. The ellipsoid surfaces have no-slip boundary conditions. 8
The relative contribution of drag (a velocity dependent factor) and added mass (an 9 acceleration dependent factor) are derived from the slope and intercept of least-squares 10 regression fitted to the calculated hydrodynamic moment at a quarter spheroid surface (more 11 specifically the average of the two representative quarters) divided by water density ( = 12 1000 kg m -3 ) and head length to the fifth power versus the square of instantaneous velocity 13 (Fig. 3) . We use the average slope of the three accelerations as an estimate of the moment 14 per squared radian s -1 (= dimensionless drag moment coefficient CM_drag) and the average of 15 the three y-axis intercepts divided by their respective acceleration as the moment per radian s -16 2 (= dimensionless added mass moment coefficient CM_am). This allows us to calculate the 17 instantaneous external moment on the quarter ellipsoid due to drag by 18
, and the moment due to acceleration of the added mass by 20
,where l is the head length of the specimen. The scaling relationships proportional to l 5 are 22 validated by isometrically doubling the size of one of the CFD models. Note that, in contrast 23 to the inertial term in eq. (7) which can be calculated for any given left-right axis, eq. (9) as 1 well as eq. (10) imply the rotation occurs about an axis through the corner of the quarter 2 ellipsoid (origin in Fig. 2B ) for calculating the external hydrodynamic resistance. We are 3 forced to make this assumption to avoid excessive complication of the model. Note also that 4 the flow regime (i.e., the importance of viscous versus inertial effects as captured in the 5
Reynolds number) of the presented drag (Table 1 ) and added mass moment coefficients 6 (Table 2 ) corresponds to typical speed and sizes ranges of adult fish, and may therefore not 7 be applicable to individuals with a head length considerably smaller or larger than 50 mm. 8
Inverse dynamic calculation of suction power 9
Suction power output can be assessed using the hydrodynamic resistance experienced by the 10 intra-oral mouth-cavity surfaces moving outward while generating the suction flow (Aerts, given cross-section of the buccal cavity (Fig. 4) . The intra-oral curve of this cross-section 13 that borders the buccal cavity can be divided into chord segments of infinitesimal length dc 14 (Fig. 4) . This cross-sectional chord dc will form a surface segment parallel with the x-axis by 15 multiplying it with dx, a vector running parallel with the x-axis. The surface area of this 16 segment is dc dx, while the direction of this surface will be given by the surface normal unit 17 vector ŝ which we arbitrarily point away from the buccal cavity center. To generate suction, 18 this surface element will move outward (i.e. away from the buccal cavity center) in the cross-19 sectional plane by a translation of dr (Fig. 4) . 20
Two types of hydrodynamic forces will be exerted on this surface element: pressure forces 21 and shear forces. Pressure forces act normal to the surface, while shear forces are parallel 22 with the surface. As a given movement causing expansion dr per definition will be 23 perpendicular to the surface (e.g. as in a radial expansion of a cylinder, but the samerelationships would also apply to axially expanding surfaces such as the retracting piston 1 crown in a cylinder), only pressure forces need to be accounted for in our inverse dynamic 2 calculation to resolve power (since only force components parallel with the displacement 3 require power). In our model, we assume that the no pressure force is exerted at the non-4 wetted side of our intra-oral surface element. In this way, only the intra-oral gauge pressure 5 pg (i.e. measured pressure -hydrostatic pressure) needs to be considered. we assume that the average pressure, as measured in-vivo somewhere central in the mouth 10 cavity, is applying uniformly over the entire cavity. Pressure force F p on the surface segment 11 is given by 12
, so that the instantaneous suction power Ps(t) required to generate the opposite force (-F p(t) ) 14 and thereby achieving a dynamic equilibrium is calculated as 15
Since the expansive motions are perpendicular to the intra-oral surface,
scalar dr(t). Integrated over the entire buccopharyngeal surface area, total instantaneous 18 suction power Ps(t) is 19
13
The total instantaneous expansion volume of the buccal cavity dVbuccal(t) equals 1
Thus, equation 13 can be rewritten as 5
This implies that instantaneous suction power can be calculated if the temporal profiles of 7 intra-oral pressure and increase in head volume are known. Note that eq. (15) assumes 8 pressure to be distributed uniformly over the entire buccal cavity surface. Positive numbers 9
of Ps(t) require power input from the musculature causing buccal expansion, negative values 10 of Ps(t) mean that the buccal surface motion is driven by energy of the water flow relative to 11 the fish. 12
Morphology 13
Three Micropterus salmoides specimens (standard lengths 127, 140, and 190 mm) are used to 14 determine the geometry of the model. Neurocranium length (l) is measured as the distance 15 along the centerline of the body from the rostral tip of the premaxilla up to the level of the 16 anteriormost point on the pectoral fin base. The latter point also serve as the location where 17 neurocranium width (w) is measured. Next, dissecting along the frontal plane through the tip 18 of the premaxilla, the neurocranium (sensu lato; also including dorsal parts of the suspensoria 19 and opercula) is removed and weighed. Assuming a tissue density of 1000 kg m -3 , the 20 neurocranium height (h) is determined so that the calculated mass of the quarter ellipsoidformed by l, w and h (Fig. 2) matches the measured mass. The data from the three specimens 1 are then averaged and normalized to neurocranium length (l). The best-fitting height position 2 of the quarter ellipsoid is determined by overlaying this model with lateral-view photographs 3 of one of the specimens. These morphological input variables are scaled isometrically to the 4 size of the individuals from which the kinematic data were collected. 5
Kinematics 6
Kinematics of four Micropterus salmoides individuals feeding on small goldfish suspended 7 by a small wire are analyzed (one strike per individual). The M. salmoides individuals are 8 filmed in 200 liter tanks using a high-speed NAC Memrecam Ci digital system (Tokyo, 9
Japan) operating at 500 images s -1 . Lateral and ventral views of the feeding events are 10 obtained via a mirror underneath the prey oriented at 45°. Two floodlights (600 W) on either 11 side of the camera illuminate the experimental tank. 12
Anatomical landmark positions are determined frame-by-frame to calculate gape distance and 13 neurocranium angle. Gape distance is defined as the distance between the tip of the 14 premaxilla and the tip of the dentary. Four landmarks that are approximately evenly 15 distributed along the dorsal contour of the neurocranium on the lateral-view images are used 16 to calculate the angle of the neurocranium with respect to the earth-bound frame of reference. 17 Digitization noise is reduced by applying a low-pass fourth-order zero phase-shift 18
Butterworth filter (cut-off frequency of 40 Hz) to the raw data. Time-derivatives for 19 calculating angular velocities and accelerations of the neurocranium use the difference 20 between one frame before and one frame after a given instant. A center of head rotation is 21 estimated as described earlier (see Fig. 2B ) for each of the four feeding sequences. However, 22
we choose to use the centroid of these four coordinates as the rotation center (cr) in our 23 model to reduce random uncertainty in the estimation of the individual rotation centers. and a point in between the tips of the opercula. Similar to the procedure outlined for the 10 standard kinematical analysis, digitization noise is reduced using a Butterworth filter 11 algorithm applied to the profiles of length and width versus time. As the volume of head 12 tissues will not change during suction generation, the instantaneous change in external head 13 volume will equal the instantaneous change in the volume of the buccal cavity (dVbuccal(t)). To cover the 95% prediction interval of this observed relationship, additional model 6 simulations are performed with the intercept (constant 1.6) increased by 0.47 to obtain the 7 upper 95% prediction limit for pg and decreased by 0.47 to obtain the lower 95% prediction 8 limit. 9
Results 10

Model geometry 11
The measurements of three M. salmoides individuals (head length (l) = 48 ± 10 mm; mean ± 12 s.d.) show a mean head width of 0.53 ± 0.07 l. The calculated height to achieve a balance 13 between the measured neurocranium mass and that of the quarter ellipsoid model is 0.34 ± 14 0.07 l (Fig. 4) . Using cubic spline interpolation with the data in Tables 1 and 2 
Kinematic input and simulated pressures 3
Time zero is set as the start of mouth opening. Dorsal rotation of the neurocranium lasts up 4 to 48 ± 12 ms, of which it accelerates during the first 31 ± 10 ms (Fig. 6A,B) . The time of 5 peak neurocranium acceleration (20 ± 9 ms) precedes the estimated time of peak suction 6 pressure by 6 ± 3 ms (Fig. 6B,D) . The relatively low correlation coefficient of pressure 7 magnitude in function of time to peak gape for M. salmoides (Higham et al., 2006b ; r 2 = 8 0.29), results in a relatively large 95% prediction interval for peak pressure (between -12 ± 2 9 kPa and -1.4 ± 0.2 kPa; Fig. 6D ). The rate of volume increase calculated by the ellipse 10 modelling procedure shows a very consistent pattern, with a negligible speed during the 11 approximate initial 13 ± 6 ms, followed by a rapid increase in speed up to a maximum at 40 ± 12 10 ms. 13
Model output 14
The peak moment to overcome the effects of inertia when rotating the neurocranium (Mnc, eq. 15 (7)) is -0.018 ± 0.017 N m, and is reached at 19 ± 8 ms (Fig.6E) . The acceleration of the 16 neurocranial mass is the dominant factor in this variable, being responsible for about 68% of 17 this moment. The moment due to added mass (about 32% of Mnc) is significantly smaller. 18
The overall moment Mnc contributed to a peak power cost (Pnc) of -0.15 ± 0.16 W (Fig. 6F)  19 reached at 22 ± 9 ms. The mean work in the interval of negative Pnc is -0.0019 ± 0.0023 J, 20 which equals the kinetic energy of the rotating neurocranium (and added mass) at the peak 21 observed velocity. Because of the negative drag moment coefficient for the leading quartile 22 of the rotating ellipsoid matching the shape of M. salmoides neurocranium (due to dominant 23 negative pressures at its lateral sides), a moment to overcome steady-state drag on the roof ofthe neurocranium was not required: this flow resulted in a negligibly small moment (median 1 0.03% of Mnc) assisting dorsal rotation of the neurocranium. 2 Peak suction power is generated at a later instant than peak Pnc, namely at 31 ± 16 ms (Fig.  3   6G ). Peak suction power magnitude, on average 6 ± 4 W (upper 95% pressure limit = 19 ± 4 13 W, lower 95% pressure limit = 2.2 ± 1.5 W) is consistently higher than peak Pnc, on 5 average 0.15 ± 0.16 W. The ratio of peak Pnc over peak Ps is 0.019 ± 0.009 (upper 95% 6 pressure limit = 0.007 ± 0.003, lower 95% pressure limit = 0.057 ± 0.026). At the time of 7 peak Pnc, the ratio of Pnc over Ps is 0.040 ± 0.019 (upper 95% pressure limit = 0.014 ± 0.006, 8 lower 95% pressure limit = 0.11 ± 0.05). The total work of generating suction is 0.11 ± 0.08 9 J (upper 95% pressure limit = 0.3 ± 0.2 J, lower 95% pressure limit = 0.04 ± 0.03 J). The 10 ratio of the mechanical energy cost of neurocranial rotation during the interval of negative Pnc 11 over the total suction work is 0.015 ± 0.009 (upper 95% pressure limit = 0.005 ± 0.003, lower 12 95% pressure limit = 0.045 ± 0.027) 13
Discussion and conclusion 14
We found that the inertial costs of rotating the neurocranium have a negligible impact on 15 suction performance in largemouth bass, a generalized percomorph suction feeder. We 16 estimated the loss not to exceed 4.0% of the generated suction power throughout the feeding 17 sequence. In the worst case scenario for the bass, when focussing on the time at which this 18 cost was maximal and performing the simulations with the lowest possible pressure 19 magnitudes, the loss in power was 11% of the generated suction power. Yet, even in this 20 worst case scenario, the energetic cost in neurocranial acceleration was only about 4.5% ofal., 2002), predicted power and work for cranial rotation are less than 1.5% of suction power 1 and work. 2 Independent of which scenario was followed, we can conclude that the head expansion 3 system involving neurocranial dorsorotation efficiently transfers muscle power to drawing 4 water into the mouth in our model species. Given the considerably smaller mass of the 5 anatomical elements bordering the lateral and ventral side of the buccal cavity compared to 6 the neurocranium, it can be expected that the total inertial cost of head expansion will be less 7 than twice the calculated values presented here for the neurocranial rotation. A previous 8 study on the catfish Clarias gariepinus estimated this total inertial cost to be about 10% ( Van 9 Wassenbergh et al., 2005). However, a later computational study showed that the equations 10 used in that study are likely to underestimate intra-oral pressure by a factor of 2 ( Van 11 Wassenbergh and Aerts, 2009), which would imply a total inertial cost of about 5% for C. 12 gariepinus. Because of the (on-average) absence of neurocranial rotation in C. gariepinus, 13 we a priori expected the inertial costs to be higher for the largemouth bass due to its 14 considerable neurocranial rotation. Our data showed that this is not the case, as the total 15 inertial costs in M. salmoides are likely to be of similar or even lower magnitude than this 5% 16 estimate for C. gariepinus. 17
The kinetic energy put into rotational acceleration of the neurocranium may be converted to 18 suction work when the neurocranium decelerates. The timing of the calculated profiles of 19 suction feeding dynamics show neurocranial deceleration (movement energy being 20 attenuated) overlapping the phase when suction is still being generated (Fig. 6B,G) . As the 21 dorsal rotation of the roof of the buccal cavity contributes to buccal expansion, the 22 deceleration of this dorsal rotation of the neurocranium may thus contribute to powering 23 suction. This can similarly be viewed as the neurocranium being decelerated by the negativebuccal pressures, to which its own movement contribute, exerted at its ventral surface. Work 1 invested by the feeding musculature into acceleration of musculoskeletal elements involved 2 in buccal expansion early in the suction act may thus contribute to suction at a later instant 3 when these elements decelerate. The idea of conversion of kinematic energy of cranial 4 rotation to suction has been proposed previously for syngnathid fishes (de Lussanet and 5 Muller, 2007) . Although the mechanism and timing of suction generation relative to cranial 6 rotation is highly modified in syngnathids (Van Wassenbergh et al., 2013, 2014) , the same 7 energy conversion principle may thus apply during suction feeding by M. salmoides. This 8 could further reduce or even erase the already very low energetic cost to suction performance 9 due to neurocranial acceleration. See Fig. 2A for definitions of head length (l), width (w) and height (h) (14)), the calculated 6 neurocranium moment (E; eq. (7); negative = resisting the dorsal rotation) and power (F, eq. 7 (8); negative = power required from action of muscles and tendons) to overcome effects of 8 head mass inertia and hydrodynamic forces exerted at the external surface, suction power 9 output (G, eq. (13)). 10 
